Abstract Helianthemum is the largest, most widely distributed and most taxonomically complex genus of the Cistaceae. To examine the intrageneric phylogenetic relationships in Helianthemum, we used sequence data from plastid DNA (ndhF, psbA-trnH, trnLtrnF) and the nuclear ITS region. The ingroup consisted of 95 species and subspecies (2 subgenera, 10 sections) from throughout the range of Helianthemum, while the outgroup was composed of 30 species representing all the genera in the Cistaceae (Cistus Crocanthemum, Fumana, Halimium, Hudsonia, Lechea, Tuberaria) plus Anisoptera thurifera subsp. polyandra (Dipterocarpaceae). To infer phylogenetic relationships, we analysed three different matrices (cpDNA, nrDNA, cpDNA + nrDNA concatenated) using maximum likelihood and Bayesian inference, and performed molecular dating to estimate the ages of origin of the main clades using a Bayesian approach. The cpDNA + nrDNA concatenated dataset provided the highest Bayesian posterior probabilities and bootstrap support values, and the results supported the monophyly of the genus Helianthemum and its sister relationship to a clade consisting of all species of Cistus, Crocanthemum, Halimium, Hudsonia and Tuberaria. This result means that we did not retrieve the sister relationship between Helianthemum and Crocanthemum (plus Hudsonia) that could be expected according to previous published studies. Despite their different statistical support, the topology of the inner branches of all the consensus trees showed that Helianthemum is characterized by the emergence of three major clades in agreement with above-species taxonomy, although unresolved polytomies still remain towards the tips of the trees (species and subspecies). Clade I (mainly distributed in Mediterranean and alpine environments in European and western Asiatic mountain chains) fully coincided with subg. Plectolobum, whereas subg. Helianthemum was retrieved in clade II (arid and semi-arid environments from Macaronesia, the Mediterranean, subtropical northern Africa, Anatolia and central Asia) and clade III (Mediterranean ecosystems around the Mediterranean Basin). The burst of diversification during the Plio-Pleistocene detected in the three main clades of Helianthemum is concomitant with the Messinian salinity crisis, the onset of Mediterranean climatic conditions, and Quaternary glaciations, as found in many other groups of Mediterranean plants. Thus, the general lack of resolution in the trees can be attributed to rapid species diversification and events of reticulate evolution. A series of further taxonomic and evolutionary inferences can be drawn from our analyses: (i) no species occupied an early-diverging position with regard the rest of the species; (ii) a close relationship between H. caput-felis and subg. Plectolobum; (iii) an unexpected close relationship between H. squamatum/ H. syriacum (and H. motae), H. lunulatum/ H. pomeridianum and among H. songaricum/ H. antitauricum/ H. germanicopolitanum; (iv) a close relationship between incertae sedis species and sect. Eriocarpum; and (v) the existence of a monophyletic lineage consisting of Canary Islands species formerly ascribed to sect. Argyrolepis or sect. Lavandulaceum within sect. Helianthemum. Keywords Cistaceae; Helianthemum; Mediterranean flora; nrDNA; phylogeny; plastid DNA Supplementary Material Electronic Supplement (Appendix S1; Figs. S1-S4) and DNA sequence alignment files are available in the Supplementary Data section of the online version of this article at http://ingentaconnect.com/content/iapt/tax regions of the Northern Hemisphere (Arrington & Kubitzki, 2003). Originating from the western Mediterranean Basin (Guzmán & Vargas, 2009a), plastid rbcL DNA molecular phylogenies support the family's inclusion in the Dipoterocarpalean clade of the Malvales, along with the Sarco laen aceae (trees and TAXON -4 Aug 2017: 18 pp. 2 Version of Record Aparicio & al. • The phylogeny of Helianthemum (Cistaceae) shrubs endemic to Madagascar) and Diptero carp aceae (resinous trees from evergreen pantropical forests); the main synapomorphy of this Dipotero carpalean clade is the bixoid-type chalazal region of the seed coat APG, 2009).
INTRODUCTION
The Cistaceae is a small family consisting of 8 genera and ca. 170 heliophytic shrub, subshrub and annual species found almost exclusively in Mediterranean, temperate and subtropical Phylogenetic reconstruction of the genus Helianthemum (Cistaceae) using plastid and nuclear DNA-sequences: Systematic and evolutionary inferences shrubs endemic to Madagascar) and Diptero carp aceae (resinous trees from evergreen pantropical forests); the main synapomorphy of this Dipotero carpalean clade is the bixoid-type chalazal region of the seed coat APG, 2009) .
Phylogenetically, Arrington & Kubitzki (2003) (see also Biver & al., 2016) have argued that Fumana (Dunal) Spach and Lechea L. constitute early-diverging groups in the Cistaceae, while Helianthemum Mill. is the monophyletic sister lineage to a clade of Cistus L., Crocanthemum Spach, Halimium (Dunal) Spach, Hudsonia L. and Tuberaria (Dunal) Spach. However, Guzmán & Vargas (2009a) distinguished five evolutionary lineages within the Cistaceae: two early-diverging lineages each represented by Fumana and Lechea species, a cohesive clade including all Halimium and Cistus species, the Tuberaria clade, and the Helianthemum s.l. clade, in which a sister relationship between the Old World Helianthemum s.str. and the New World Crocanthemum plus Hudsonia species was retrieved. Indeed, Helianthemum s.l. is a taxonomically complex group in which generic delimitation has historically been unclear. Dunal (1824) accepted that Helianthemum included all New and Old World species; however, Spach (1836) described three different genera (Crocanthemum, Heteromeris Spach, Taeniostema Spach) to accommodate the American species, which were all subsequently ascribed to Halimium by Grosser (1903) . Although Janchen (1925) delimited the current generic boundaries of the family, with Helianthemum restricted to the Old World and all American species to Crocanthemum (and Hudsonia), controversy still reigns since some authors accept Dunal's (1824) position (e.g., Fernald, 1941; Daoud & Wilbur, 1965; Wilbur & Daoud, 1967; Calderón de Rzedowski, 1992; Christenhusz, 2009) , while others support Janchen (1925; e.g., Arrington & Kubitzki, 2003; Sorrie, 2015) . While some American species originally described as Helianthemum have been formally transferred to Crocanthemum (Sorrie, 2011 (Sorrie, , 2015 others have not. For a historical overview of the classification of Cistaceae see Guzmán & Vargas (2009a) .
In this paper we focus on the intrageneric phylogenetic relationships of Helianthemum s.str. (hereafter Helianthemum; Janchen, 1925) , the most diverse and widespread genus in the Cistaceae. Helianthemum, restricted to the Old World, consists of about 136 species and subspecies found from Cape Verde to Central Asia in a variety of habitats (xerophytic, Mediterranean, temperate, alpine) that show remarkable life history and functional trait diversity. It includes therophytes and woody-fruticose and suffruticose plants whose breeding and mating systems vary from cleistogamy to self-incompatibility with different levels of outcrossing (Herrera, 1992; Rodríguez-Pérez, 2005; Aragón & Escudero, 2009; Agulló & al., 2015) . It is also notable that only some Helianthemum species have large geographical distribution areas (e.g., H. apenninum Mill., H. cinereum Pers., H. kahiricum Delile, H. ledifolium (L.) Mill., H. lippii (L.) Dum.Cours., H. nummularium Mill., H. oelandicum (L.) DC., H. salicifolium (L.) Mill., or H. stipulatum C.Chr.) whereas most have restricted ranges or are endemic to very small regions (cf., Greuter & al., 1984; .
The taxonomic and nomenclatural complexity of Helianthemum is recognisable in both the older (Dunal, 1824; Spach, 1836; Willkomm & Lange, 1880; Grosser, 1903; Janchen, 1925) and the more recent botanical literature (Guinea, 1954; Quezel & Santa, 1962; Greuter & al., 1984; Fennane & al., 1999) . Species delimitation is often challenging given the instability of the main diagnostic features (habit; leaf arrangement, shape and size; presence and size of stipules; presence and type of indumentum; inflorescence type; flower bud shape and size; petal colour) due to the lability of reproductive barriers (hybridization and introgression), phenotypic plasticity and local adaptation and convergence (Soubani, 2010; Soubani & al., 2014a; Widén, 2015) . In fact, the most common species (e.g., H. apenninun, H. cinereum, H. nummularium, and H. oelandicum) are species complexes that contain an array of morphological forms (usually grouped into subspecies) that even coexist in certain areas of their ranges (Soubani & al., 2014a) .
All modern taxonomic treatments (e.g., Font Quer & Rothmaler, 1934; Quezel & Santa, 1962; Jafri, 1977; Pottier-Alapetite, 1979; Pignatti, 1982; Fennane & Ibn Tattou, 1998; Arrington & Kubitzki, 2003; ; see also Electr. Suppl.: Appendix S1) agree in recognizing Helianthemum to be primarily subdivided into two taxa at subgenus rank, H. subg. Helianthemum (= subg. Ortholobum Willk.) and subg. Plectolobum Willk., and rule out the segregation of subg. Plectolobum into the separate genus Rhodax Spach. Subgenus Helianthemum is characterised by its central simple-plicate embryos with straight cotyledons, alternate or opposite stipulate leaves, stamens reaching the height of the style or less, straight styles that may be slightly sigmoid at the base, and a somatic chromosome number of 2n = 20 (very rarely 2n = 10, 40); subg. Plectolobum has peripheral conduplicated embryos with curved cotyledons, opposite and often stipulate leaves, stamens longer than the style, styles that are sigmoid at the base, and a somatic chromosome number of 2n = 22 (very rarely 2n = 24) (cf. Rice & al., 2015) . Within subg. Helianthemum, the following sections have traditionally been recognized (e.g., : sect. Argyrolepis Spach (= sect. Polystachium Willk.), sect. Brachypetalum Dunal, sect. Eriocarpum Dunal, sect. Helianthemum and sect. Pseudomacularia Grosser. However, proposed splitting sect. Argyrolepis into three monospecific sections: sect. Argyrolepis (H. squamatum Pers., 2n = 10), sect. Caput-felis G.López (H. caput-felis Boiss., 2n = 24) and sect. Lavandulaceum G.López (H. syriacum (Jacq.) Dum.Cours., 2n = 20). Within subg. Plectolobum, most authors recognize sect. Pseudocistus Dunal (= sect. Chamaecistus Willk.) and sect. Macularia Dunal, the latter including only H. lunulatum DC. suggested that sect. Atlanthemum (Raynaud) G. López & al. should accommodate H. sanguineum (Lag.) Lag. ex Dunal, the only therophytic species in this subgenus, which was formerly included in sect. Brachypetalum or even in the monospecific genus Atlanthemum Raynaud (see Table 1 for historical taxonomic assignment of controversial species, and Aparicio & Albaladejo, 2017 for a discussion of the identity of H. mathezii Dobignard). Finally, a few species from NE Africa have never been explicitly assigned to any particular section or, in some cases, authors have expressed doubts regarding their correct assignment (e.g., Gillett, 1954) ; these species will be initially considered incertae sedis in this study.
Molecular systematic studies in Helianthemum to date have only been presented for the species found in the Iberian Peninsula, one of its main centres of diversity with around 46 taxa, 20 of them endemic . The ITSbased phylogenetic hypothesis in Parejo-Farnés & al. (2013) provided strong support for the monophyly of the genus, for the above-species systematics (sections and subgenera) suggested by (i.e., for sect. Argyrolepis, sect. Atlanthemum, sect. Caput-felis and sect. Lavandulaceum), and for the convergent evolution of the therophytic habit in three different lineages (sect. Atlanthemum, sect. Brachypetalum, sect. Helianthemum). Nevertheless, this phylogenetic analysis retrieved most species and subspecies in large polytomies with poor resolution and branch support. Furthermore, ParejoFarnés & al. (2013) admitted that their phylogenetic hypothesis was preliminary since it left out sect. Eriocarpum (also sect. Macularia and sect. Pseudomacularia), a large group of mostly Saharo-Arabian and Irano-Turanian species that are absent from the Iberian Peninsula. From an evolutionary perspective, Parejo-Farnés & al. (2013) leave open the question of whether hybridization and rapid diversification, unsuitable sampling and/or the particular mode of evolution of molecular markers are responsible for the lack of phylogenetic resolution. The goal of the present study is therefore to test if extended taxonomic and molecular coverage increases phylogenetic resolution and to establish as-solid-as-possible intrageneric phylogenetic relationships in Helianthemum. To do so, we performed a phylogenetic reconstruction on an extensive sample that includes all intrageneric taxa of Helianthemum using nuclear (ITS) and three plastid (ndhF, psbA-trnH, trnLtrnF) DNA sequences. These data along with the estimation of divergence times for the main clades can provide a better understanding of the evolutionary history of Helianthemum. We specifically addressed the following questions: (1) is Helianthemum a monophyletic lineage (Guzmán & Vargas, 2009a; Parejo-Farnés & al., 2013) ? (2) are Helianthemum and Crocanthemum sister taxa that radiated independently in the Old and New World, respectively (Dunal, 1824; Janchen, 1925; Guzmán & Vargas, 2009a) ? (3) is the retrieved tree topology consistent with the current systematic subdivision (subgenera, sections) of Helianthemum (e.g., López-González, 1992 )? (4) do H. squamatum and /or H. caput-felis represent ancient evolutionary lineages within the genus (López-González, 1992)? and (5) what are the phylogenetic relationships of the incertae sedis species?
MATERIALS AND METHODS
Taxon sampling. -Our phylogenetic analyses had a wide taxonomic and geographical scope, including all intrageneric taxa of Helianthemum (2 subgenera, 10 sections) and representing the entire distribution range ( Fig. 1 ): overall the ingroup included 95 taxa (72 species and 24 subspecies, 140 accessions) that represent about 70% of all taxa recognised in the genus (Table 2 ; Appendix 1), while the outgroup included 30 species (33 accessions) belonging to all other genera of Cistaceae (Cistus, Crocanthemum, Fumana, Halimium, Hudsonia, Lechea, Tuberaria) plus Anisoptera thurifera subsp. polyandra (Blume) P.S.Ashton (Dipterocarpaceae).
DNA extraction, PCR amplification and sequencing. -We extracted total genomic DNA from dried leaves using the Invisorb Spin Plant Mini Kit (Invitek, Berlin, Germany) following the supplier's instructions. We focused on the nrDNA ITS region (ITS1 + 5.8S + ITS2) and three plastid regions: the intergenic spacers trnL-trnF, psbA-trnH and a portion of the coding ndhF gene. We used the ITS sequences of Parejo-Farnés & al. (2013) but added new sequences of ITS and the plastid regions for the rest of the taxa in this study. Primers P1A and P4 were used for amplification of ITS (Fuertes-Aguilar & al., 1999) . For certain difficult samples with poor DNA quality, including some herbarium specimens, we amplified the ITS1 and ITS2 regions separately with the internal primers 5.8S-R and 5.8S-F from Fernández-Mazuecos & al. (2013) in conjunction with primers P1A and P4, respectively. Universal primers for the amplification of the trnL-trnF spacer were taken from Taberlet & al. (1991) and for the psbA-trnH spacer from Whitlock & al. (2010) . Primers for the partial ndhF gene were modifications of primers 803 and 1318R from Olmstead & Sweere (1994) with sequences 5′-CAA TGG TAG CAG CGG GAA TTT TTC-3′ and 5′-ATA GAT CCG ACA CAT ATA AAA TGC GGT-3′, respectively.
We performed PCR in 25 μl reaction volumes, containing 16.8 μl of sterile water, 5 μl of polymerase reaction buffer, 1 μl (10 μM) of each primer, 0.2 μl (5 U/μl) of the fast MyTaqRed DNA polymerase (Bioline, London, U.K.) and 1 μl of template total DNA. For the successful amplification of the ITS region, the addition of 2 μl of DMSO was necessary (this volume was subtracted from the amount of sterile water in the amplification mix). The PCR cycling conditions used were as follows: 35 cycles of denaturation at 95°C for 15 s, annealing at 51°C-54°C for 15 s and extension at 72°C for 10 s, followed by a final extension step at 72°C for 1 min. We purified PCR products with Exonuclease I and Antarctic Phosphatase (New England Biolabs, Ipswich, Massachusetts, U.S.A.) following the manufacturer's protocol. Purified products were directly sequenced on an ABI 3730 with the ABI Big Dye terminator kit (PE Applied Biosystems, Foster City, California U.S.A.) at the Unidad de Genómica (UCM, Madrid, Spain).
Phylogenetic analyses. -We assembled the sequences with Sequencher v.4.3 (Gene Codes, Ann Arbor, Michigan, U.S.A.), aligned them in MAFFT v.5 (Katoh & al., 2005) and checked them visually for minor corrections. We analysed three molecular matrices: nrDNA (ITS), cpDNA (trnL-trnF, psbA-trnH, ndhF) and the cpDNA + nrDNA combined matrix (i.e., the concatenated dataset). The plastid genome behaves as a single linkage group (Escobar-García & al., 2012) , so plastid markers were concatenated a priori using FASconCAT v.1.0 (Kuck & Meusemann, 2010) . However, prior to concatenation of the cpDNA and nrDNA matrices, we checked the congruency between the nrDNA and cpDNA trees by visually inspecting incongruent placements of individual accessions or whole clades (Pirie, 2015) with Bayesian posterior probabilities ≥ 0.95 and bootstrap support > 70% (Hillis & Bull, 1993; Salichos & al., 2014) ; after removal of the incongruent accessions the cpDNA and nrDNA matrices were concatenated and analysed. In all cases, only accessions with three or more sequenced regions (see Appendix 1) were included for concatenation of the cpDNA and cpDNA + nrDNA matrices.
We selected the best-fitted nucleotide substitution model (GTR + G + I in the ITS and plastid aligned matrices) according to the Akaike information criterion values using Modeltest v.3.06 (Posada & Crandall, 1998) . Phylogenetic reconstructions for the three datasets were performed under both Bayesian inference (BI) and maximum likelihood (ML) approaches. For the Bayesian inference we used MrBayes v.3.2.6 (Ronquist & al., 2012) on XSEDE via the CIPRES Science Gateway (http://www.phylo.org/) with four simultaneous runs, each with four parallel Markov chains (three hot and one cold), and sampled every 10,000 trees to obtain a total of 25 million generations. The first 10% of trees of each run were discarded Table 2 . Overview of the intrageneric systematics of Helianthemum following Grosser (1903) , , and approximate number of species and subspecies also considering the results of this study. (burn-in); successful convergence of runs were assessed with Tracer v.1.6 (http://tree.bio.ed.ac.uk/software/tracer/) and 50% majority-rule consensus trees were constructed. Maximum likelihood analyses were conducted with RAxML using the available RAxML BlackBox server (http://embnet.vital-it.ch/ raxml-bb/, last accessed 25 Jan 2017) (Stamatakis & al., 2008 ). The GAMMA model of rate heterogeneity was employed for all partitions. The "Maximum likelihood search" and "Estimate proportion of invariable sites" boxes were selected, and a total of 100 bootstrap replicates were performed. Lineage divergence times. -We performed a relaxed-clock Bayesian MCMC approach as implemented in BEAST v.1.8.0 (Drummond & al., 2012) using the cpDNA + nrDNA combined matrix because of its higher resolution (see Results). The birth-death process was selected as the tree prior, with an uncorrelated lognormal (UCLN) model for rate variation within branches. The GTR + I + G substitution model was selected as described above. We employed a combination of a fossil and a molecular estimate (N1) and applied a normal prior distribution and three minimum-age fossil constraints (N2, N3, N4) using lognormal prior distributions to calibrate the following nodes, following the strategy of previous studies of Cistaceae (Guzmán & Vargas, 2009a; Fernández-Mazuecos & Vargas, 2010) . The Dipterocarpaceae/Cistaceae divergence (N1) was implemented using both a recent estimate obtained from the analysis of angiosperm families (Bell & al., 2010) and the macrofossil Cistinocarpum roemeri Conis, a Middle Oligocene reproductive structure from Germany described as an ancestor of extant Cistaceae (Palibin, 1909 ) (mean = 42.0, standard deviation = 5.5). The stem node of Tuberaria (N2) was calibrated with pollen from Pliocene formations in Germany (Menke, 1976 ) (offset = 2.58, mean = 5.33 and standard deviation logarithm = 1.0). The stem node of Helianthemum (N3) was calibrated with pollen found in Upper Miocene formations in France (Naud & Suc, 1975 ) (offset = 5.33, mean = 11.63 and standard deviation logarithm = 1.0). Finally, the crown node of sect. Helianthemum (N4) was calibrated with pollen found in Middle Pleistocene formations, specifically from the Elsterian Glaciation in Poland (Hrynowiecka & Winter, 2016 ) (offset = 0.32, mean = 0.4 and standard deviation logarithm = 1.5). The offset of all nodes corresponds to the minimum age of the period (millions of years, myr) to which the fossil was assigned; the mean parameter represents the end of that period (myr) since there are no upper limits to divergence times of the calibration points since the actual lineages could have been in existence well before the appearance of the fossil used for calibration (Ho & Phillips, 2009) .
Four Markov chain Monte Carlo (MCMC) analyses with 25 million generations each and a sample frequency of 10,000 were run through the CIPRES Science Gateway (Miller & al., 2010) . Parameter analysis in Tracer v.1.5 (Rambaut & Drummond, 2007) showed MCMC convergence within chains, with effective sample sizes (ESS) above 200 samples. Chains were combined using LogCombiner v.1.8.4 after discarding the first 10% of sampled generations as burn-in. Trees were summarized in a maximum clade credibility (MCC) tree obtained in TreeAnotator v.1.8.4 and visualized in FigTree v.1.4.2.
(http://tree.bio.ed.ac.uk/software/figtree/). To assess the sensitivity of the results to the ingroup calibrations (N3, N4), we performed two additional molecular dating analyses, in which one or the other of the two calibration points were removed to check whether or not the estimated age was similar without the respective calibration point. Both Helianthemum fossil constraints were found to be suitable (results not shown).
Supplementary analyses. -Aiming at assessing discrepancies among studies of the phylogenetic relationships within Cistaceae and seeking further support for our data or to detect possible incongruences among datasets (see Discussion below) we performed two additional analyses (plastid and nuclear) for 85 taxa of Dipterocarpaceae, Sarcolaenaceae, Cistaceae and Bixaceae representing the whole Dipterocarpalean clade of the Malvales APG, 2009 ) for which ITS plus rbcL and psbA-trnH sequences were available in GenBank (last accessed Jan 2017). To root the analyses, accessions of Malvaceae, Muntingiaceae and Thymelaeaceae were also included following the same criterion. The methodology for the phylogenetic analyses is the same described in the Phylogenetic Analyses section.
RESULTS
Sequences. -The aligned nrDNA data matrix of 171 sequences (124 taxa: 29 outgroup + 95 ingroup) consisted of 865 characters, of which 404/197 were variable (with/without outgroup taxa) and 289/139 were parsimony informative. In the plastid regions, trnL-trnF consisted of 606 characters, of which 229/87 were variable and 150/34 parsimony informative. The psbA-trnH region was 383 bp long and harboured 213/120 variable and 178/93 parsimony-informative sites. The partial ndhF region (475 pb) was the least variable region with 127/68 variable positions and 99/41 parsimony-informative sites. The plastid matrix of 168 concatenated sequences (120 taxa: 28 outgroup + 92 ingroup) was 1464 bp long and contained 569/246 variable and 427/167 parsimony-informative sites. Finally, the concatenated cpDNA + nrDNA matrix of 165 sequences (118 taxa: 28 outgroup + 90 ingroup) consisted of 2321 characters, of which 968/440 were variable and 707/306 were parsimonyinformative. GenBank accession numbers for the ITS and the three plastid regions are given in Appendix 1.
Trees. -The 50% majority-rule consensus trees obtained from the Bayesian analyses of the nuclear (nrDNA) and plastid (cpDNA) datasets in this study were biologically meaningful and had congruent topologies except for the placement of three accessions in clades with Bayesian posterior probabilities (PP) ≥ 0.95 and bootstrap support values (BS) > 70%: H. lunulatum 324, H. oelandicum subsp. alpestris 184 and H. ruficomum 110 (see Electr. Suppl.: Figs. S1, S2). After their removal, the cpDNA + nrDNA concatenated tree was also meaningful and showed the highest Bayesian and bootstrap support values showing that in Helianthemum nuclear and plastid DNA regions had similar evolutionary histories at the above-species level (Olmstead & Sweere, 1994; Pelser & al., 2010) . Therefore, only the cpDNA + nrDNA concatenated tree is here shown (Figs. 2, 3) , and the individual nrDNA and cpDNA trees are included in the Electronic Supplement (Figs. S1, S2) . Unless otherwise stated, sample size and branch support reported refers to the cpDNA + nrDNA concatenated tree.
At the family level (Fig. 2) , the analyses retrieved a trichotomy represented by Fumana, Lechea (PP = 0.61, BS = 79%) and a strongly supported clade (PP = 1, BS = 84%) containing the remaining genera of Cistaceae. Within this latter lineage, the analyses also retrieved two highly supported sister sublineages, one (PP = 1, BS = 100%) including Cistus, Halimium and Tuberaria plus the New World genera Crocanthemum and Hudsonia, the other (PP = 1, BS = 100%) containing all species of Helianthemum whose monophyly is very well supported (notice that Arrington & and Sorrie, 2011 (Figs. 2, 3A-C) , and no Helianthemum species occupied a solitary, early-diverging or intermediate position among the three clades. The relationships among these three clades remained unresolved.
Clade I (PP = 1, BS = 100%, Fig. 3A ) contained all 24 taxa (12 species and 13 subspecies, 33 accessions) representing subg. Plectolobum (sect. Atlanthemum, sect. Macularia, sect. Pseudocistus) plus sect. Caput-felis. Interestingly, (i) our results confirm the close relationship between H. caput-felis and this subgenus, (ii) the accessions of H. pomeridianum Dunal grouped with those of H. lunulatum, and (iii) sect. Atlanthemum was supported. However, within the branch representing sect. Pseudocistus the accessions formed a large unresolved polytomy.
Clade II (PP = 1, BS = 100%, Fig. 3B ) contained 21 taxa (21 species, 33 accessions) of subg. Helianthemum belonging to sect. Argyrolepis, sect. Eriocarpum, sect. Lavandulaceum and sect. Pseudomacularia, plus the incertae sedis species. Of note is (i) that sect. Eriocarpum was retrieved as non-monophyletic, (ii) that sect. Argyrolepis and sect. Lavandulaceum form a monophyletic sister clade to sect. Eriocarpum and sect. Pseudomacularia and the species included as incertae sedis, (iii) the well-supported clade (cpDNA PP = 1 BS = 67%; concatenated PP = 1, BS = 68%) containing the Irano-Turanian H. germanicopolitanum Bornm., H. antitauricum P.H. Davis & Coode and H. songaricum, (iv) Clade III (PP = 1, BS = 100%, Fig. 3C ) contained 45 taxa (36 species and 9 subspecies, 68 accessions) belonging to subg. Helianthemum sect. Helianthemum and sect. Brachypetalum. Halimium halimifolium E22
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In this clade, (i) sect. Helianthemum and sect. Brachypetalum are highly supported sister groups (PP = 1, BS = 100%), (ii) H. aegyptiacum Mill. falls into sect. Helianthemum, and (iii) a geographically relevant -albeit only moderately supported (nrDNA PP = 0.72, BS = 72%, concatenated PP = 0.69, BS = 52%) -"Canary Islands clade" that contained endemic species from the Canary Islands that were previously ascribed to sect. Argyrolepis or sect. Lavandulaceum (see Tables 1, 2) was retrieved.
Lineage divergence times. -The ages recovered for the main well-supported clades were: 14.10 myr (95% highest posterior density (HPD) (Fig. 4) . Within this clade III, the estimated age for divergence of the Canary Islands clade was 1.28 myr (95% HDP: 0.48-2.61) (collapsed in Fig. 4) . 
DISCUSSION
Our phylogenetic reconstruction provides compelling evidence that Helianthemum is a monophyletic group which started to diversify about 7.8 million years ago (mya). Although the analyses retrieved the above-species classification of the genus, they were unable to resolve most phylogenetic relationships at the species and subspecies level (Parejo-Farnés & al., 2013) . The evolutionary history of Helianthemum has probably been driven by the major palaeoclimatic events that impacted the Mediterranean Basin since the Upper Miocene (i.e., the Messinian salinity crisis, the establishment of a Mediterraneantype climate and the range contraction-expansion cycles during the Pleistocene), so the general lack of resolution provided by this set of DNA markers in Helianthemum can be attributed to rapid and recent species diversification and to reticulate evolution (Calviño & al., 2008; Garamszegi, 2014; Hilpold & al., 2014; Volkova & al., 2016) . Therefore, any further attempt to disentangle phylogenetic relationships at species and subspecies level in this genus will require a battery of high-power resolution markers and the use of massive gene-sequencing techniques on a genome-wide scale (Emerson & al., 2010; Eaton & Ree, 2013; Gonen & al., 2015) .
All analyses consistently showed the existence of three clades in agreement with the above-species classification of Heli anthemum since clade I fully coincides with subg. Plectolobum and clades II and III represent subg. Helianthemum, and no species occupied a solitary, early-diverging or intermediate position among these three clades. However, our trees ( Fig. 3 ; Electr. Suppl.: Figs. S1, S2) show that controversies in the taxonomic assignment of many species to sections (Table 1) , resulted from evolutionary convergence of traits usually used for the delimitation of sections (e.g., habit, number of stamens, presence of stipules, inflorescence type) in different lineages (López-González, 1992; Parejo-Farnés & al., 2013) . We conclude that these apparent discrepancies are not indicative of a polyphyletic or paraphyletic evolutionary history of some lineages, but indicate that a comprehensive revision of the intrageneric classification of Helianthemum is necessary. This is probably the case for all therophytic species historically assigned to sect. Brachypetalum, for the species assigned to sect. Argyrolepis or sect. Lavandulaceum based on their shrubby habit and the ramose inflorescences, for H. pomeridianum, for the incertae sedis species, or for the relationships detected among H. antitauricum, H. germanicopolitanum and H. songaricum (see Fig. 3 , Table 1 and further discussion below).
Phylogeny of Cistaceae. -Although phylogenetic analysis of the Cistaceae lies beyond the scope of this paper since a different sampling and sequencing strategy would be necessary, all our analyses coincided in retrieving a trichotomy of three clades: Fumana, Lechea and the remaining genera of Cistaceae (Fig. 2) . As stated before, this last clade is strongly supported and is composed of two subclades comprising Cistus, Crocanthemum, Halimium, Hudsonia and Tuberaria sister to Helianthemum. This means that the existence of the Helianthemum s.l. clade consisting of two allopatric lineages that radiated independently in the Old (Helianthemum) and the New World (Crocanthemum plus Hudsonia) during the Upper Miocene as suggested by Guzmán & Vargas (2009a) (see also Dunal, 1824; Wen & Ickert-Bond, 2009; Vargas & al., 2014) is not supported by our nrDNA, cpDNA or concatenated datasets. The results of the two supplementary analyses for the whole Dipterocarpalean clade of Malvales designed to assess discrepancies among studies (Electr. Suppl. : Figs. S3, S4) were largely congruent among them and with the results presented here, and always retrieved Crocanthemum (plus Hudsonia) in a well-supported clade with Cistus, Halimium and Tuberaria sister to Helianthemum. Since the phylogenetic relatedness among these five genera (Cistus, Crocanthemum, Halimium, Hudsonia, Tuberaria) has also being shown by other studies using different sets of DNA markers (Arrington & Guzmán & Vargas, 2009b; Biver & al., 2016) , we think that all current evidence supports Helianthemum and Crocanthemum as two separate geographic, taxonomic and phylogenetic entities. Indeed, Helianthemum and Crocanthemum are readily differentiated by the arrangement of their leaves, the presence of stipules, and their pollen, style, funicle and embryo shapes, which are the features used by Arrington & Kubitzki (2003) and Sorrie (2011 Sorrie ( , 2015 to transfer all North American species of Helianthemum to Crocanthemum.
Phylogeny of Helianthemum. -In the present study, the cpDNA and the concatenated dataset provided strong support for the monophyly of Helianthemum, which probably diverged from the clade containing Cistus, Crocanthemum, Halimium, Hudsonia and Tuberaria during the Miocene (14.10 mya, 95% HPD: 7.07-23.86), and started diversification during the Miocene-Pliocene transition (7.80 mya, 95% HPD: 3.56-14.08) (Fig. 4) coinciding with the Messinian salinity crisis (5.3-6.9 mya; Krijgsman & al., 1999) and the filling of the Mediterranean Sea (2.8-3.4 mya; Suc, 1984) . The isolation caused by the disappearance of the land bridges that connected Africa and Europe during the Messinian salinity crisis could have triggered vicariance events and enhanced diversification processes, further diversification taking place mainly in the western part of the Mediterranean Basin where most of its diversity is currently concentrated (e.g., Greuter & al., 1984) ; indeed, only a few very polymorphic, and probably young species, such as H. oelandicum or H. nummularium (Soubani, 2010) , are found throughout the Euro-Asiatic regions (see Fig. 5 ).
Our phylogenetic reconstruction shows that no Helianthemum species occupies an early-diverging, isolated or intermediate position in relation to the rest of the genus, and each species belongs to one of the three main clades retrieved. Several authors (Azevedo & Lorenzo, 1948; Arrigoni, 1971; ) considered H. squamatum, with the lowest chromosome number in the genus (2n = 10), and H. caput-felis, with a unique chromosome number (2n = 24) and specific morphological features, to be extant representatives of ancient lineages of the genus. Our analyses revealed a close phylogenetic relationship between H. squamatum (a strict gypsophyte almost endemic to the Iberian Peninsula) and H. syriacum (a generalist circum-Mediterranean species) plus H. motae Sánchez-Gómez & al., together forming the sister-clade to the rest of the species of sect. Eriocarpum and sect. Pseudomacularia (see Fig. 3B ). Very interestingly, the support for the derived phylogenetic position of H. squamatum provides the opportunity for analysing the karyotypic changes (i.e., the drastic reduction in chromosome number) that seem to have occurred in parallel to ecological specialization in this lineage (Levin, 2000 ; but see Escudero & al., 2014) . Helianthemum caput-felis (a coastal Tyrrhenian floristic element) has traditionally been included in sect. Argyrolepis (= sect. Polystachium), along with H. squamatum and H. syriacum because of their shrubby habit and compound inflorescences (e.g., Janchen, 1925; ) (see Table 1 ), but our analyses, although they did not resolve the species as monophyletic, robustly confirm its relationship to subg. Plectolobum. Interestingly, in the description of the monospecific sect. Caput-felis, López-González (1992) , whose members extend throughout the Mediterranean and alpine environments of many European and south-west Asian mountain chains (see Fig. 5 ). In this clade, the unexpected relationship between H. lunulatum and H. pomeridianum may be revealing a major biogeographical disjunction during, perhaps, the early diversification of subg. Plectolobum between the Upper Pliocene and Early Pleistocene (Fig. 4) . As the only species of sect. Macularia, H. lunulatum is a taxonomically and ecologically isolated species restricted to the Ligurian and Maritime Alps (Casazza & al., 2005) , and H. pomeridianum is a little-known species from the Maghreb (northern Algeria and High Atlas in Morocco) with a rather uncertain taxonomic position (see Table 1 ) that was initially assigned to sect. Eriocarpum in subg. Helianthemum (Willkomm, 1856; Grosser, 1903) but later to sect. Pseudocistus . This spectacular split between the south-western Alps and the Atlas Mts. suggests that long-distance dispersal or geographical vicariance represent important speciation forces in early-diverging lineages of this subgenus. Our analyses also provided support for sect. Atlanthemum sensu (Fig. 3B) , and probably originated in the Late Miocene, Pliocene or Early Pleistocene (4.37 mya, 95% HPD: 1.65-8.57; Fig. 4 ). This clade mostly includes deserticolous shrub species inhabiting arid and semi-arid environments in Macaronesia, the Mediterranean area, subtropical northern Africa, Anatolia and Central Asia (see Fig. 5 ). The analysis of the cpDNA + nrDNA concatenated matrix retrieved this clade to consist of two supported sister lineages, one including the species of sect. Argyrolepis (H. squamatum) and sect. Lavandulaceum (H. syriacum, H. motae), the other containing sect. Eriocarpum as a non-monophyletic group due to the inclusion of a minor clade grouping the Irano-Turanian H. songaricum (sect. Pseudomacularia), H. antitauricum and H. germanico politanum (these latter were ascribed to sect. Helianthemum and sect. Polystachium respectively; see Table 1 ). This is a remarkable result that would suggest the need for a taxonomic revision of sect. Pseudomacularia taking into account, moreover, the fact that H. ordosicum was synonymized with H. songaricum in Flora of China (Quiner & Gilbert, 2007) , but that has, unexpectedly, been retrieved here as a species not most closely related to H. songaricum. Indeed, Su & al. (2011 Su & al. ( , 2017 Gillett (1954) considered the locally endemic H. somalense to be a relict species from an ancient wider distribution of Helianthemum throughout tropical Africa rather than a Mediterranean-derived floristic element. Therefore, the incorporation of phylogeographical data is necessary for disentangling the diversification pattern of this very interesting group of Mediterranean and subtropical African species (Gillett, 1954) , and for the fine-tuning of the relationships between Somalian, Middle Eastern, Macaronesian and Irano Turanian Helianthemum species within sect. Eriocarpum.
Clade III. -This clade contains two well-supported sister lineages that represent sect. Brachypetalum and sect. Helianthemum that also belong to subg. Helianthemum (Fig.  3C ). This clade probably diversified in parallel to clade II during the Late Miocene, Pliocene or Early Pleistocene (3.76 mya, 95% HPD: 1.39-7.47; Fig. 4 ) around the Mediterranean Basin. As stated above, all the therophytic species of Helianthemum were traditionally assigned to sect. Brachypetalum (e.g., Willkomm & Lange, 1880; Grosser, 1903; ; see Table 1 ). However, regarded the therophytic habit in Helianthemum to be convergent in three different sections in both subgenera: five species in sect. Brachypetalum, H. aegyptiacum in sect. Helianthemum, and H. sanguineum in sect. Atlanthemum. Most of these therophytic species are widespread in the Mediterranean area, which contrasts with a tendency towards a relatively restricted distribution in perennials (cf. Greuter & al., 1984; , and selfing, through cleistogamy, predominates as a mating systems in these species (Herrera, 1992) . This is consistent with Baker's law which states that colonization by self-compatible organisms is more likely to be successful than colonization by self-incompatible organisms due to the ability of the former to produce offspring without pollination agents (Baker, 1959) .
Section Helianthemum contains more species than any other section in the genus and is also the most geographically and ecologically diverse. These species inhabit Mediterranean and alpine habitats, thriving on limestone, dolomite, marl, gypsum, saline and sandy soils, and are taxonomically complex due to hybridisation plus convergence and phenotypic plasticity (Soubani & al., 2014a, b) . Our analyses have retrieved all these species in a large polytomy, but did also retrieve a moderately supported monophyletic lineage, both with the nrDNA (PP = 0.72, BS = 72%) and the concatenated dataset (PP = 0.69, BS = 52%), that contained endemic species from the Canary Islands assigned to sect. Lavandulaceum or sect. Argyrolepis because of their shrubby habit and ramose inflorescences (Marrero, 1992; Santos-Guerra, 2014 ) (see also and Tables 1 and 2) . As already discussed, we believe that this result, far from reflecting a polyphyletic structure of these sections, indicates the necessity for a taxonomic re-assignment of the species because the shrubby habit and the ramose inflorescence evolved convergently in different sections (López-González, 1992) . It is expected that higher-resolution DNA markers will provide stronger support for this monophyletic Canary Islands lineage whose diversification started about 1.28 mya coinciding with the diversification of Canary Islands species of Cistus (Guzmán & Vargas, 2010) and other species-rich Macaronesian lineages (Kim & al., 2008) during the Pleistocene, which seems to have taken place over a relatively short period of time.
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